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Abstract  
We report the field emission (FE) properties of Cu coated vertically aligned carbon nanotubes 
(VACNTs) before and after oxidation. The current density was found to be the maximum (20 
mA/cm2) for 3 nm thick Cu coated VACNTs after oxidation. The variation in conventionally 
monitored parameters like work function and field enhancement factor does not explain the 
experimentally determined FE current density. A critical analysis of the electronic structure reveals 
the importance of presence of Cu2O at the interface of CuO and VACNTs, which in turn controls 
the current density of these films. The highly enhanced FE current density of 3 nm Cu coated 
VACNTs after oxidation suggests its potential as a next generation electron source in vacuum 
microelectronic devices.  
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1. Introduction 
Carbon nanotubes [1] (CNTs) are one of the most important nanomaterials for science and 
technology applications due to their intriguing properties like good electrical and thermal 
conductivities [2, 3], high mechanical stiffness [4], chemical inertness [5] and high aspect ratio 
[6]. These properties made CNTs to be useful in nano-electronics [7], field emission electron 
sources [8], high strength composites [9], storage devices [10], sensors [11], bio-medical 
applications [12] etc. CNTs are considered to be efficient field emitters due to their high aspect 
ratio, nanoscale tip, good electrical conductivity and high chemical stability. There is a great 
demand for replacing thermionic emission based conventional electron sources due to high power 
consumption and emitter deterioration caused by long term heating. Although, CNTs are the 
potential field emitters in terms of high field emission current and relatively low turn-on and 
threshold fields, there are some issues, such as poor adhesion and high contact resistance at the 
CNT-substrate interface, large field screening among adjacent emitters, ion bombardment at the 
CNT tips, poor emission stability and necessity of high cost and complex equipment for the 
synthesis and processing, which need to be addressed. 
   Various approaches have been employed to address the aforementioned issues and optimize the 
field emission (FE) properties of CNTs using pre/post CNT synthesis treatments. For example; (i) 
employing an interlayer between the substrate and CNTs, to get good adhesion and reduced contact 
resistance between CNTs and substrate [13], (ii) catalyst patterned substrates to reduce the field 
screening among adjacent emitters [14, 15], (iii) nanoparticle coating of a low work function 
metal/compound/wide band gap material, which may reduce the tunneling barrier for emitting 
electrons by changing the electronic structure and may also increase the number of emission sites 
[16-18], (iv) plasma treatment to remove the amorphous carbon present at the tips, modify the tip 
surface and create more surface electron states by creating defects [19-21], (v) doping through 
functionalization to reduce the work function, increase the electrical conductivity and emitter site 
density [22] and (vi) CNT carpet to get highly protruded emitters with high enhancement factor 
and their electrically good contact with the substrate [23].   
   Generally, the field emission properties are governed by Fowler-Nordheim theory [24] and field 
emission current density (J) is expressed as: 
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where, A (1.544×10-6 AeVV-2), B (6.83×109 eV-3/2Vm-1) are constants, β is a local field 
enhancement factor at the emitter tip, E is an applied electric field, and ϕ is the work function of a 
material.          
   Here, FE current density (J) depends on β and ϕ exponentially, J increases when β increases 
or/and ϕ decreases. There are certain approaches reported to tune/optimize these two parameters 
to achieve the superior field emission properties. To increase β, (i) pattern growth of CNT emitters 
[14, 15]; and (ii) coating of high dielectric constant material along the tubes to avoid field screening 
between adjacent/neighboring tubes [17] have been discussed. To decrease ϕ, (i) coating of low 
work function material on CNTs including metals (Cs, Hf) [16, 25], metal-oxides (MgO, ZnO, 
BaSrO) [18, 26, 27], and other compound materials (LaB6, STO, BN) [15, 17, 28]; and also, (ii) 
doping/functionalization of (Cs, Li) [29, 30] have been discussed. Majority of these studies 
monitor the changes in the work function, field enhancement factor and structural aspects to 
explain the observed field emission properties and have not studied the influence of electronic 
structure and metal-CNT interface on the field emission. For the first time, Cho et al. theoretically 
explained the modification of electronic structure of CNTs by metal coating through charge 
transfer and orbital hybridization [31]. Thereafter, a few studies reported influence of electronic 
structure on field emission properties, which emphasized the role of an increased density of states 
(DOS) near the Fermi level (0-10 eV) [32-34], decreased work function and improved field 
enhancement factor [32, 33] and coating induced changes in hybridization from sp2 to sp3-carbon 
[35, 36]. It is important to investigate the electronic structure and surface-interface properties of 
metal/metal oxide coated VACNT films since field emission is a surface property which depends 
not only on work function and density of states near the Fermi level but also on surface 
hybridization and bonding. 
In the present work, we have studied Cu coated VACNTs before and after oxidation to understand 
the role of metal oxide-CNT interface on field emission properties. Cu is known to get oxidized in 
ambient conditions and its oxidation state can be tuned by oxidizing it at different temperatures. 
Hence, it is likely to form different types of interfaces (Cu2O and/or CuO) with CNTs.  In a recent 
work [37], field emission study of CuO decorated amorphous-CNT has been reported. A current 
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density of less than 1 mA/cm2 at a field of 10 V/m has been obtained. The current density reported 
in this work is quite low and the role of oxide-CNT interface and electronic structure in tuning the 
field emission properties has not been addressed. In this work, on subsequent oxidation of Cu (3 
nm) coated VACNTs, we were able to achieve a current density of the order of 20 mA/cm2 at a 
field of 5 V/m. The results are explained on the basis of critical role played by the metal oxide-
VACNT interface in tuning the field emission current density of this system. 
2. Experimental details 
2.1 Synthesis of Cu-VACNT films 
The VACNT films have been synthesized on Si substrate (n-type: <100>) using thermal chemical 
vapor deposition technique by double zone horizontal furnace without using any carrier gas. 
Details of the synthesis process are described in our earlier publications [36, 38]. These grown 
VACNT films are coated with Cu metal with two thicknesses (3 and 10 nm) using thermal 
evaporation technique at a base pressure of 5×10-5 mbar. Subsequently, films were annealed in 
oxygen atmosphere at 250 °C. Details of all the films used in the present study and their 
nomenclature are given in Table 1. The nomenclature given in the table is hereafter used in the 
subsequent text.  
Table 1: Nomenclature of all deposited CNT films, pristine and metal coated VACNT films and 
their oxidized counterparts 
 
S. No. CNT films Nomenclature 
1 Pristine-VACNT A0 
2 Cu(3 nm)/VACNT A3 
3 Cu(10 nm)/VACNT A10 
4 Oxidized pristine-VACNT B0 
5 Oxidized Cu(3 nm)/VACNT B3 
6 Oxidized Cu(10 nm)/VACNT B10 
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2.2 Analytical characterizations 
Various analytical characterizations have been performed to analyze the morphology, micro-
structure, elemental and chemical composition and electronic structure of grown films. The 
morphology, micro-structure and elemental composition of the films are analyzed using field 
emission scanning electron microscope (FESEM: FEI Quanta 200F), high resolution transmission 
electron microscope (HRTEM: JEM2100F) and scanning electron microscope (SEM: TM3000) in 
energy dispersive mode of X-rays (EDX), respectively. The CNTs have been transferred on to the 
copper coated TEM grids for HRTEM characterization. The structural aspects of the films are 
assessed using Raman spectrometer (RENISHAW inVia Raman microscope) with excited laser 
wavelength of 532 nm. The electronic structure (C 1s, Cu 2p and valence band spectra) of the films 
is analyzed using X-ray photoelectron spectroscopy (XPS: Omicron nanotechnology, Oxford 
Instrument Germany) equipped with monochromatic Aluminum source (Al kα: hυ=1486.7 eV). 
The instrument was operated at 15 kV and 20 mA and the pass energy used for recording core 
level spectra was 20 eV. The work function is estimated for all films using Kelvin probe force 
microscopy (KPFM: Brukar, Dimension Icon). 
2.3 Field emission studies 
The FE measurements are performed in a high vacuum electrode system, connected in series to 
turbo molecular and rotary pumps. The base pressure during the measurement is 1×10-7 mbar. 
Here, the CNT film and coated CNTs act as cathode and circular steel plate acts as an anode. The 
separation between cathode and anode is kept at 300 µm for FE measurements of all films. The 
range of applied electric field maintained between electrodes is 0-5 V/µm by applying the voltage 
in steps of 50 V. The high-voltage power supply (Stanford Model: PS350) and an electrometer 
(Keithley 2000 DMM) are used to apply voltage between electrodes and measure the emitted 
electron field emission current, respectively.  
3. Results and discussion 
The SEM images of A0 and B3 films are shown in Figs. 1(a) and (b), respectively. Both images 
clearly show that the nanotubes are vertically aligned. The HRTEM images of A3 and B3 films 
are shown in figs. 1(c) and (d) showing formation of multi-walled CNTs. The deposition of 
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Cu/oxide coating is clearly seen. The change in contrast observed in figure 1(d) can be attributed 
to increase in oxide content on oxidation. This is supported by XPS measurements discussed in 
the subsequent section. Figures 1(e) and 1(f) show the EDX spectra of A0 and A3 films, 
respectively. The presence of Cu is confirmed by EDX spectrum as shown in figure 1(f). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. SEM images of (a) A0 and (b) B3 films, show vertical alignment of CNTs. HRTEM images of 
(c) A3 and (d) B3 films showing presence of coating along the nanotube. EDX spectra of (e) A0 
and (f) A3 films. A signature of Cu from A3 film confirms the presence of Cu coating on 
VACNT films. 
 
Figure 2 shows the Raman spectra of all films, before and after oxidation. Different peaks observed 
in all films are: (i) the graphitic band (G-band), originating from crystalline hexagonal carbon 
network, at 1580 cm-1; (ii) the defective band (D-band), originating from defective carbon like 
amorphous carbon, improper hexagon network (heptagon, pentagon etc.), sp3-carbon etc., at 1350 
cm-1, (iii) 2D-band (2nd harmonic feature of G-band) arising at 2700 cm-1 due to the long range 
order present in hexagonal network, and also (iv) D' and D+D" bands originate at 1615 cm-1 and 
2450 cm-1 due to defect induced strain in C=C bond along the tube as an asymmetry/shoulder of 
G-band towards higher wavenumber and overtone mode of LO phonon, respectively. The presence 
of defects along the tube and strain generated vibrations are other contributing factors to these. 
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Fig. 2. Raman spectra of CNT films A0, A3, A10, B0, B3 and B10 films. No significant change in ID/IG 
values is observed among pristine (A0), Cu coated (A3 and A10) VACNT films and their 
oxidized counterparts (B0, B3 and B10). 
 
The peaks observed at the lower wavenumbers (<1000 cm-1) are due to various vibrations 
associated with oxides of Cu [39, 40]. The intensity ratio of D to G peaks (ID/IG) obtained for 
different films are shown in Table 2. It is clear that there is no considerable change in ID/IG even 
after Cu coating and their successive oxidation on VACNT films. A little enhancement in intensity 
of 2D and D+D" bands is seen particularly for B3 film, which is likely due to improvement in the 
long-range order in the graphitic network and strain due to coating and oxidation. 
The KPFM measurements are performed to find the work function of the films through surface 
potential/contact potential difference. The work function is estimated for all films using the 
equation [41] given by, 
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where ‘e’ is the electronic charge, ‘VCPD’ is the contact potential difference between CNT film and 
the metal tip, ϕTip and ϕSample are the work functions of the metal tip used and the CNT film, 
respectively. The work function values are in the range of 4.4-4.8 eV for all films, which suggests 
that the work function is not affected significantly by Cu coating and is unlikely to play any role 
in the observed changes in field emission properties.  
 
Fig. 3. Field emission (a) J-E characteristics, (b) J-E characteristics in semi-log format and (c) 
corresponding F-N plots of A0, A3, A10, B0, B3 and B10 films. The temporal stability of A0, 
A3 and B3 films is shown in Fig. (d). The B3 film shows the highest current density (Fig (a); 
JMax=20 mA/cm2). The linearity of F-N plots shows the field emission behavior of the VACNT 
emitters. 
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Field emission measurements are performed for all the films in a high vacuum chamber with 
electrodes in diode geometry. Figure 3 shows the field emission current density versus applied 
electric field (J-E) characteristics (Fig. 3(a)) of all films, which is also plotted in semi-log format 
(Fig. 3 (b)) for better clarity. The Fig. 3(c) shows the corresponding Fowler-Nordheim (F-N) plots 
of the films. FE properties such as turn-on (EON) and threshold (ETH) fields, local field 
enhancement factor (β-factor) and maximum emission current density at maximum applied electric 
field (JMax) are calculated for the films. The turn-on field, EON, defined as the applied electric field 
required to obtain the emission current density of 10 µA/cm2 from emitters and for threshold field, 
ETH, it is 1 mA/cm
2. The maximum current density (JMax) is calculated at an applied electric field 
of EMax=5 V/µm for all films. All the calculated FE parameters are presented in Table 2. From Fig. 
3(a), it is clear that there is a slight improvement in emission current density after coating of 3 nm 
thick Cu metal on VACNT film (A3) but current density is significantly enhanced for the same 
upon its oxidation (B3). Apart from that, other FE parameters including turn-on and threshold 
fields are also improved for the B3 film. However, both A0 and A10 show decrease in current 
density upon oxidation. 
Table 2: Parameters, ID/IG, work function and all FE parameters of the films 
S. No. CNT 
films 
ID/IG  ϕ (eV) EON               
(V/µm) 
ETH 
(V/µm) 
JMax 
(mA/cm2) 
β-factor 
1 A0 0.75 4.76 1.58 ± 0.2 2.98 ± 0.2 10.65 ± 0.43 6771 
2 A3 0.78 4.66 1.48 ± 0.2 2.98 ± 0.2 12.85 ± 0.51 7302 
3 A10 0.68 4.64 1.71 ± 0.2 3.13 ± 0.2 9.04 ± 0.36 5862 
4 B0 0.84 4.57 1.75 ± 0.2 3.55 ± 0.2 4.89 ± 0.20 6453 
5 B3 0.71 4.70 1.53 ± 0.2 2.62 ± 0.2 20.15 ± 0.81 6628 
6 B10 0.73 4.40 1.62 ± 0.2 3.55 ± 0.2 5.30 ± 0.21 7246 
 
The local field enhancement factor (β-factor) is calculated for the films by considering the slope 
of the F-N plot as shown in Fig. 3(c). In general, the β-factor can be expressed as: 
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   where ‘SFN’ is the slope of the F-N plot. 
In addition, it is observed that there is no one to one correspondance between JMax and β-factor. 
From A0 to A3, there is a small enhancement in β-factor, whereas from A3 to B3 the β-factor 
decreases although JMax is maximum in this case. On the other hand, from A10 to B10, β-factor 
enhances but the JMax has dropped significantly. Therefore, based on the conventional field 
emission parameters and structural aspects, which generally explains the FE properties, we could 
not explain the observed variation in JMax values. Therefore, the correlation between observed 
variation of JMax and electronic structure of the films was investigated by XPS studies. Field 
emission temporal stability measurements have been performed for A0, A3 and B3 films at the 
constant applied electric field of 4.3 V/µm to test the films for electron source device application.  
   To assess the temporal stability of FE current density, fluctuation in current density (cf) is 
calculated using the following formula [34], 
             𝑐𝑓 =
|(𝑥−?̅?)|
?̅?
× 100                        (5) 
   where ‘x’ is the average deviation from the mean current density ‘?̅?’. The mean current density 
and cf values are found to be 4.5 mA/cm2, 5.3 mA/cm2, 8.6 mA/cm2 and 4.5%, 2.6%, 3.5%, 
respectively for A0, A3 and B3 films. Although, there is no much diffrerence in cf value of these 
films B3 film shows good temporal stability at relatively higher field emission current density than 
A0 and A3 films as shown in Fig. 3(d). This indicates its potential to be used as an electron source 
in future vacuum microelectronic devices. 
The XPS measurements of C 1s, Cu 2p core levels and valence band spectra have been recorded 
for the films before (denoted as A0, A3 and A10) and after oxidation (denoted as B0, B3 and B10). 
The Fig. 6 shows C 1s spectra of all films. In our recent study on In coated VACNTs, we had 
discussed the significance of transformation of sp2- to sp3- carbons in enhancing the current density 
of the films [36]. Keeping it in mind, each C 1s spectrum is deconvoluted and comprises of five 
peaks that are ascribed to C=C, C-C, C-O, -O-C=O and a peak related to carbonates [42]. The peak 
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areas are listed in Table 2. Here, C=C and C-C bonds represent sp2- and sp3-hybridized carbons, 
respectively. It is evident from the table that unlike In/CNT system, the Cu/CNT system does not 
show any significant variation in fractions of sp2- and sp3-hybridized carbons. Also, sp2 to sp3 ratio 
has no correlation with the current densities of the films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. C 1s spectra of (a) A0, (b) B0, (c) A3, (d) B3, (e) A10 and (f) B10 films. The sp2/sp3 ratio obtained 
through deconvolution of spectra neither shows any significant change nor has any 
correspondence with the variation in the current density. 
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Table 3: Parameters of C 1s spectra of A0, B0, A3, B3, A10 and B10 films 
S. No. 
CNT 
films 
Area under 
C=C (sp2) 
Area under 
C-C (sp3) 
sp2/sp3 
1 A0 12115 4461 2.7 
2 B0 12955 3458 3.8 
3 A3 5929 2034 2.9 
4 B3 7804 1898 4.1 
5 A10 6054 1803 3.4 
6 B10 6262 1801 3.5 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Cu 2p spectra of (a) A3, (b) B3, (c) A10 and (d) B10 films. The presence of intense satellite 
features to Cu 2p3/2 and 2p1/2 peaks for B3 and B10 films confirms the CuO formation after 
annealing Cu coated VACNT films in oxygen atmosphere. 
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Figure 5 shows Cu 2p spectra recorded for the A3, B3, A10 and B10 films. The main peak R (2p3/2) 
of A3 and A10 films appears around 932.3 eV with a shoulder (S) at 934.2 eV. On oxidation, the 
main peak shifts to the higher binding energy and is located around 934.2 eV. The binding energy 
of the main peak and a clear emergence of the satellite structure at about 9 eV from the main peak 
in the oxidized films show dominating presence of CuO on CNT surface. The matching of the 
binding energy values of the main peak shown in figures (b) and (d) with that of the shoulder in 
the main peak shown in figures (a) and (c), suggests that a small fraction of CuO was present even 
prior to oxidation. The main peak R for the samples A3 and A10 is attributed to Cu2O. The binding 
energy of Cu 2p3/2 peak for Cu metal is also reported to be very close to that of Cu2O. However, 
we have attributed this peak to the presence of Cu2O as oxidation of Cu is inevitable since the 
films were exposed to ambient for a significant period of time. However, presence of a small 
fraction of Cu cannot be ruled out.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Cu 2p3/2 peak of (a) A3, (b) B3, (c) A10 and (d) B10 films. There is a significant change in 
CuO/Cu2O ratio after oxidation of Cu coated VACNT films and this ratio is maximum for the 
B3 film. 
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   To find the fraction of Cu2O and CuO in various films, the main peak was deconvoluted into two 
peaks as shown in Fig. 6. The area ratio of CuO/Cu2O of deconvoluted peaks are presented in 
Table 4. It is to be noted that the ratio of CuO to Cu2O is maximum for sample B3 for which the 
highest current density is obtained. The current density gets reduced as the fraction of Cu2O 
increases. From the above discussion, it is clear that prior to oxidation Cu2O is predominantly 
present on the surface of CNTs with some fraction of CuO. On oxidation, significant fraction of 
Cu2O gets converted into CuO modifying the interface between CNT and oxidized Cu species. 
Table 4: Area ratio of deconvoluted peaks ascribed to CuO and Cu2O of A3, B3, A10 and B10 
films 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Valence band spectra of (a) A0, (b) B0, (c) A3, (d) B3, (e) A10 and (f) B10 films. 
S. No. CNT films 
Area ratio of 
CuO/Cu2O 
1 A3 0.8 
2 A10 0.8 
3 B3 29.2 
4 B10 7.6 
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   Figure 7 shows the valence band spectra of the films prior to and after oxidation. As shown in 
the figure, the spectra corresponding to pristine VACNTs show reduced DOS close to the Fermi 
level even after oxidation. One can distinguish two energy regions in the valence band spectra of 
Cu coated VACNTs. One region (from 5 eV up to the Fermi level) is dominated by Cu 3d states, 
pure Cu 3d between 4 and 2 eV and hybridized with Cu 4s and O 2p near the Fermi level [43]. The 
other region (5-8 eV) has a more pronounced O 2p character [44, 45]. The spectra of Cu coated 
VACNTs prior to oxidation resemble valence band spectra reported for Cu2O [46]. These show an 
appreciable increase in the DOS close to the Fermi level. A peak around 2.7 eV corresponds to Cu 
3d states. The hump around 5 eV suggests that apart from Cu2O, a small fraction of CuO is also 
present. This is in agreement with the analysis of Cu 2p core level spectra of these films, discussed 
above. An asymmetric feature located around 1.2 eV just below the Fermi level may be attributed 
to Cu 4sp states, which suggests presence of a small fraction of Cu [46]. However, the spectra do 
not distinctly show DOS crossing the Fermi level for films A3 and A10, clearly suggesting that 
Cu, even if it is there, is present at a very low concentration. On oxidation, the DOS near the Fermi 
level get reduced and the peak gets broadened with spectral weight shifting towards higher binding 
energy side. The broadening is due to hybridization of Cu 3d and O 2p bands and indicates the 
formation of CuO. However, it is to be noted that the peak position of the broadened peak in the 
case of B10 is quite close to that of A3 and A10. This suggests that the fraction of Cu2O in B10 is 
more than that of B3. It is in agreement with our analysis of Cu 2p core level spectra. From the 
aforementioned analysis it is evident that Cu coated on the VACNTs is predominantly oxidized 
and formation of Cu2O takes place at the interface of CuO and VACNTs. Cu2O is expected to have 
a full 3d shell (3d10). The electrons located in the narrow 3d shells are localized whereas CuO has 
an open shell structure wherein Cu 3d-O 2p shells are hybridized. As a consequence, the electrons 
residing in the hybridized shells are more delocalized/itinerant. The itinerant electrons participate 
more readily in the tunneling process resulting into better current density. In the present case, the 
value of current density has a one to one correspondence with CuO to Cu2O ratio. Presence of 
larger fraction of Cu2O at the interface results in reduced values of current density and vice versa.  
   The role of interface in the tunneling process is shown in Fig. 8 with the help of an energy band 
diagrams of VACNT/CuO and VACNT/Cu2O. CNT is a good conducting 1D nanostructure having 
work function of ~4.8 eV. Both, CuO and Cu2O are p-type semiconductors having work functions 
and electronic band gap values of ~5.31 eV, ~5.27 eV and ~1.4 eV, ~2.17 eV, respectively [45, 
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47]. It is obvious that the formation of Schottky junction between CNT and CuO/Cu2O as CNT is 
a highly conducting material whereas CuO and Cu2O are semiconducting materials. A downward 
band bending takes place at both the junctions/interfaces, VACNT/CuO and VACNT/Cu2O, as 
electrons migrate from low work function material (VACNT) to high work function materials 
(CuO and Cu2O) as shown in the Fig. 8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Energy band diagrams of VACNT/CuO and VACNT/Cu2O systems; (a) before and (b) after 
contact. 
 
   From Fig. 8(b), it is clear that, due to the difference in bandgap, there is a large barrier for electron 
transportation at the interface of VACNT/Cu2O as compared to VACNT/CuO, which in turn 
reduces/affects the field emission properties of the VACNT/Cu2O films. The barrier height at 
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VACNT/Cu2O interface (A3) is almost 1 eV higher than that of VACNT/CuO interface, which 
has resulted in more than 150% enhancement of JMax. 
Table 5: Field emission current densities of various metal-oxide coated CNT systems 
S. No. 
Metal-oxide 
coated CNT films 
JMax (mA/cm
2) References 
1 CNT/SiO2 0.1 [18] 
2 CNT/MgO 0.1 [18] 
3 CNT/NiO 2.0 [48] 
4 CNT/In2O3 3.6 [49] 
5 CNT/IrO2 1.0 [50] 
6 CNT/RuO2 4.0 [51] 
7 CNT/SrTiO3 10.3 [17] 
8 CNT/ZnO 0.6 [52] 
9 CNT/CuO 20.1 Present work 
 
   In Table 5, the field emission current densities of various metal oxide coated CNTs as reported 
in the literature are listed. It shows that the B3 film has the highest JMax value as compare to the 
reported metal-oxide coated CNTs. So, this oxidized Cu metal coated CNT can be a potential field 
emitter to replace conventional electron sources in vacuum microelectronic devices upon further 
optimization. 
4. Conclusions 
The present study reports field emission properties of Cu coated VACNTs. The current density 
was found to be the maximum for 3 nm thick Cu coated VACNTs after oxidation. The study 
highlights the importance of studying the electronic structure in order to understand and optimize 
the field emission properties. A critical analysis of the interface between Cu species and VACNTs 
through photoemission studies has led us to the importance of presence of Cu2O at the interface of 
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CuO and VACNTs, which in turn controls the current density of these films. The improved field 
emission properties of this film (3 nm thick Cu coated VACNTs after oxidation) are attributed to 
the presence of CuO at VACNTs which has itinerant electrons near the Fermi level due to its open 
shell structure and also having a small barrier at the CuO-CNT interface unlike in the case of Cu2O 
for unoxidized counterparts which has a closed shell structure with relatively large barrier at its 
interface with CNT. 
Acknowledgements 
The experimental facilities at UFO Laboratory FIST (DST, Government of India) in the 
Department of Physics and CRF, IIT Delhi are greatly acknowledged. We thank Materials 
Research Centre, MNIT Jaipur for providing the XPS facility. 
References 
[1] S. Iijima, Helical microtubules of graphitic carbon, Nature 354 (1991) 56-58. 
[2] H. Dai, E.W. Wong, C.M. Lieber, Probing electrical transport in nanomaterials: conductivity 
of individual carbon nanotubes, Science 272 (1996) 523-526. 
[3] J. Hone, M. Whitney, A. Zettl, Thermal conductivity of single-walled carbon nanotubes, Synth. 
Met. 103 (1999) 2498-2499. 
[4] M. Yu, Strength and breaking mechanism of multiwalled carbon nanotubes under tensile load, 
Science 287 (2000) 637-640. 
[5] R. Yu, L. Chen, Q. Liu, J. Lin, K. Tan, S.C. Ng, et al., Platinum deposition on carbon nanotubes 
via chemical modification, Chem. Mater. 10 (1998) 718-722. 
[6] X. Wang, Q. Li, J. Xie, Z. Jin, J. Wang, Y. Li, et al., Fabrication of ultralong and electrically 
uniform single-walled carbon nanotubes on clean substrates, Nano Lett. 9 (2009) 3137-3141. 
[7] R. Chau, B. Doyle, S. Datta, J. Kavalieros, K. Zhang, Integrated nanoelectronics for the future, 
Nat. Mater. 6 (2007) 810-812. 
[8] A. Rinzler, J. Hafner, P. Nikolaev, L. Lou, S. Kim, D. Tomanek, et al., Unravelling nanotubes: 
field emission from an atomic wire, Science 269 (1995) 1550-1553. 
[9] N. Li, Y. Huang, F. Du, X.B. He, X. Lin, H.J. Gao, et al., Electromagnetic interference (EMI) 
shielding of single-walled carbon nanotube epoxy composites, Nano Lett 6 (2006) 1141-1145. 
[10] Y. Chen, D. Shaw, X. Bai, E. Wang, C. Lund, W.M. Lu, et al., Hydrogen storage in aligned 
carbon nanotubes, Appl. Phys. Lett. 78 (2001) 2128-2130. 
19 
 
[11] L. Valentini, I. Armentano, J. Kenny, C. Cantalini, L. Lozzi, S. Santucci, Sensors for sub-
ppm NO2 gas detection based on carbon nanotube thin films, Appl. Phys. Lett. 82 (2003) 961-963. 
[12] J.V. Veetil, K. Ye, Tailored carbon nanotubes for tissue engineering applications, Biotechnol. 
Prog. 25 (2009) 709-721. 
[13] J. Zhang, X. Wang, W. Yang, W. Yu, T. Feng, Q. Li, et al., Interaction between carbon 
nanotubes and substrate and its implication on field emission mechanism, Carbon 44 (2006) 418-
422. 
[14] J.L. Silan, D.L. Niemann, B.P. Ribaya, M. Rahman, M. Meyyappan, C.V. Nguyen, Carbon 
nanotube pillar arrays for achieving high emission current densities, Appl. Phys. Lett. 95 (2009) 
133111-133114. 
[15] M. Kumari, S. Gautam, P.V. Shah, S. Pal, U.S. Ojha, A. Kumar et al., Improving the field 
emission of carbon nanotubes by lanthanum-hexaboride nano-particles decoration, Appl. Phys. 
Lett. 101 (2012) 123113-123116. 
[16] A. Wadhawan, R. Stallcup, J. Perez, Effects of Cs deposition on the field-emission properties 
of single-walled carbon-nanotube bundles, Appl. Phys. Lett. 78 (2001) 108-110. 
[17] A. Pandey, A. Prasad, J. Moscatello, M. Engelhard, C. Wang, Y. Yap, Very stable electron 
field emission from strontium titanate coated carbon nanotube matrices with low emission 
thresholds, ACS Nano 7 (2013) 117-125. 
[18] W. Yi, T. Jeong, S. Yu, J. Heo, C. Lee, J. Lee, et al., Field emission characteristics from wide-
bandgap material-coated carbon nanotubes, Adv. Mater. 14 (2002) 1464-1468. 
[19] C.Y. Zhi, X.D. Bai, E.G. Wang, Enhanced field emission from carbon nanotubes by hydrogen 
plasma treatment, Appl. Phys. Lett. 8 (2002) 11690-1692. 
[20] Y. Liu, L. Liu, P. Liu, L. Sheng, S. Fan, Plasma etching carbon nanotube arrays and the field 
emission properties, Diamond Relat. Mater. 13 (2004) 1609-1613. 
[21] K.S. Hazra, P.K. Rai, D.R. Mohapatra, N. Kulshrestha, R. Bajpai, S. Roy, et al., Dramatic 
enhancement of the emission current density from carbon nanotube based nanosize tips with 
extremely low onset fields, ACS Nano 3 (2009) 2617-2622. 
[22] C. Liu, K.S. Kim, J. Baek, Y. Cho, S. Han, S.-W. Kim et al., Improved field emission 
properties of double-walled carbon nanotubes decorated with Ru nanoparticles, Carbon 47 (2009) 
1158-1164. 
[23] J. Lee, Y. Jung, J. Song, J. Kim, G.-W. Lee, H. Jeong, et al., High-performance field emission 
from a carbon nanotube carpet, Carbon 50 (2012) 3889-3896. 
[24] R.H. Fowler, L. Nordheim, Electron emission in intense electric fields, Proc. R. Soc. Lond. 
A 119 (1928) 173-181. 
20 
 
[25] J. Zhang, C. Yang, Y. Wang, T. Feng, W. Yu, J. Jiang, et al., Improvement of the field 
emission of carbon nanotubes by hafnium coating and annealing, Nanotechnology 17 (2006) 257-
260. 
[26] J.M. Green, L. Dong, T. Gutu, J. Jiao, J.F. Conley Jr., Y. Ono, ZnO-nanoparticle-coated 
carbon nanotubes demonstrating enhanced electron field emission properties, J Appl. Phys. 99 
(2006) 094308-1-094308-4. 
[27] F. Jin, Y. Liu, C. Day, S. Little, Enhanced electron emission from functionalized carbon 
nanotubes with a barium strontium oxide coating produced by magnetron sputtering, Carbon 45 
(2007) 587-593. 
[28] J.B. Yoo, J.H. Han, S.H. Choi, T.Y. Lee, C.Y. Park, T.W. Jeong, et al., Emission 
characteristics of boron nitride coated carbon nanotubes, Physica B 323 (2002) 180-181. 
[29] G.P. Zhao, Q. Zhang, H. Zhang, G. Yang, O. Zhou, L.C. Qin, et al., Field emission of electrons 
from a Cs-doped single carbon nanotube of known chiral indices, Appl. Phys. Lett. 89 (2006) 
263113. 
[30] S.M. Lyth, R.A. Hatton, S.R.P. Silva, Efficient field emission from Li-salt functionalized 
multiwall carbon nanotubes on flexible substrates, Appl. Phys. Lett. 90 (2007) 013120. 
[31] Y. Cho, C. Kim, H. Moon, Y. Choi, S. Park, C.-K. Lee, et al., Electronic structure tailoring 
and selective adsorption mechanism of metal-coated nanotubes, Nano Lett. 8 (2008) 81-86. 
[32] S.Y. Lee, C. Jeon, Y. Kim, W.C. Choi, K. Ihm, T.-H. Kang, et al., The roles of ruthenium 
nanoparticles decorated on thin multi-walled carbon nanotubes in the enhancement of field 
emission properties, Appl. Phys. Lett. 100 (2012) 023102-023102-3. 
[33] Z. Wang, Y. Zuo, Y. Li, X. Han, X. Guo, J. Wang, et al., Improved field emission properties 
of carbon nanotubes decorated with Ta layer, Carbon 73 (2014) 114-124. 
[34] M. Sreekanth, S. Ghosh, P. Biswas, S. Kumar, P. Srivastava, Improved field emission from 
indium decorated multi-walled carbon nanotubes, Appl. Surf. Sci. 383 (2016) 84-89. 
[35] J.W. Lee, T. Park, J. Lee, S. Lee, H. Park, W. Yi, Electric field enhancements in In2O3-coated 
single-walled carbon nanotubes, Carbon 76 (2014) 378-385. 
[36] M. Sreekanth, S. Ghosh, S.R. Barman, P. Sadhukhan, P. Srivastava, Field emission properties 
of indium-decorated vertically aligned carbon nanotubes: an interplay between type of 
hybridization, density of states and metal thickness, Appl. Phys. A 124 (2018) 528. 
[37] S. Maity, S. Das, D. Sen, K.K. Chattopadhyay, Tailored CuO nanostructures decorated 
amorphous carbon nanotubes hybrid for efficient field emitter with theoretical validation, Carbon 
127 (2018) 510-518. 
21 
 
[38] M. Sreekanth, S. Ghosh, P. Srivastava, Tuning vertical alignment and field emission 
properties of multi-walled carbon nanotube bundles, Appl. Phys. A 124 (2018) 1-9.  
[39] J.F. Xu, W. Ji, Z.X. Shen, W.S. Li, S.H. Tang, X.R. Ye, et al., Raman spectra of CuO 
nanocrystals, J. Raman Spectrosc. 30 (1999) 413-415. 
[40] W. Yu, Y. Lin, X. Zhu, Z. Hu, M. Han, S. Cai, et al., Diversity of electronic transitions and 
photoluminescence properties of p-type cuprous oxide films: a temperature-dependent spectral 
transmittance study, J. Appl. Phys. 117 (2015) 045701. 
[41] W. Melitz, J. Shen, A.C. Kummel, S. Lee, Kelvin probe force microscopy and its application, 
Surf. Sci. Rep. 66 (2011) 1-27. 
[42] V. Datsyuka, M. Kalyvaa, K. Papagelisb, J. Partheniosa, D. Tasisb, A. Siokoua et al., 
Chemical oxidation of multiwalled carbon nanotubes, Carbon 46 (2008) 833-840. 
[43] F. Bruneval, N. Vast, L. Reining, M. Izquierdo, F. Sirotti, N. Barrett, Exchange and 
correlation effects in electronic excitations of Cu2O, Phys. Rev. Lett. 97 (2006) 267601. 
[44] F. Bruneval, Ph.D. thesis, Ecole Polytechnique, 2005. 
[45] J. Ghijsen, L.H. Tjeng, J. van Elp, H. Eskes, J. Westerink, G.A. Sawatzky, et al., Electronic 
structure of Cu2O and CuO, Phys. Rev. B 38 (1988) 11322-11330. 
[46] K. Ozawa, Y. Oba, K. Edamoto, Oxidation of Cu on ZnO(0001)-Zn: Angle-resolved 
photoelectron spectroscopy and low-energy electron diffraction study, e-J. Surf. Sci. Nanotech. 6 
(2008) 226-232. 
[47] C.L. Hsu, J.Y. Tsai, T.J. Hsueh, Novel field emission structure of CuO/Cu2O composite 
nanowires based on copper through silicon via technology, RSC Adv. 5 (2015) 33762-33766. 
[48] C.J. Yang, J.I. Park, Y.R. Cho, Enhanced field-emission obtained from NiO coated carbon 
nanotubes, Adv. Eng. Mater. 9 (2007) 88-91. 
[49] J. Lee, W. Lee, K. Sim, S.-H. Han, W. Yi, Improved field emission properties from 
polycrystalline indium oxide-coated single-walled carbon nanotubes, J. Vac. Sci. Technol. B 26 
(2008) 1892-1895. 
[50] Y.M. Chen, C.A. Chen, Y.S. Huang, K.Y. Lee, K.K. Tiong, Characterization and enhanced 
field emission properties of IrO2-coated carbon nanotube bundle arrays, Nanotechnology 21 
(2010) 035702. 
[51] C.-A. Chen, K.-Y. Lee, Y.-M. Chen, J.-G. Chi, S.-S. Lin, Y.-S. Huang, Field emission 
properties of RuO2 thin film coated on carbon nanotubes, Vacuum 84 (2010) 1427-1429. 
[52] R. Patra, S. Ghosh, H. Sharma, V.D. Vankar, High stability field emission from zinc oxide 
coated multiwalled carbon nanotube film, Adv. Mat. Lett. 4 (2013) 849-855. 
